The generation of flow and current vortices in the dayside auroral ionosphere has been predicted for two processes ocurring at the dayside magnetopause. The first of, these mechanisms is time-dependent •mgnetic reconnection, in "flux transfer events" (]•Es); the second is the action of solar wind dynamic pressure changes. The ionospheric flow signature of an I•E should be a twin vortex, with the mean flow velocity in the central region of the pattern equal to the velocity of the pattern as a whole. On * the other hand, a pulse of enhanced or reduced dynamic pressure is also expected to produce a twin vortex, but with the central plasma flow being generally different in speed from, and almost orthogonal to, the motion of the whole pattern. In this paper, we make use of this distinction to discuss recent observations of vortical flow patterns in the dayside auroral ionosphere in terms of one or other of the proposed mechanisms. We conclude that some of the observations reported are consistent only with the predicted signature of FTEs. We then evaluate the dimensions of the open flux tubes required to explain some recent simultaneous radar and auroral observations and infer that they are typically 300 km in north-south extent but up to 2000 km in longitudinal extent (i.e., roughly 5 hours of MLT). Hence these observations suggest that recent theories of l•Es which invoke .time--varying reconnection at an elongated neutral line may be correct. We also present some simultaneous observations of the interplanetary magnetic field (IMF) and solar wind dynamic pressure (observed using the IMP8 satellite) and the ionospheric flow (observed using the EISCAT radar) which are also only consistent with the [TE model. We estimate that for continuously southward IMF ( <Bz> • 5 nT) these l•Es contribute about 30 kV to the mean total transpolar voltage (•30•). Os!o, Norway. [1988]). In particular, the ionospheric signatures of two transient magnetopause processes have been predicted, namely time-dependent magnetic reconnection ("flux transfer events") and magnetopause ;notions induced by dynamic pressure changes in the magnetosheath. Characteristic signatures in the magnetic field and particle populations near the magnetopause have been interpreted in terms of flux transfer events (1;TEs) for over a decade now [Russell and Elphic, 1979; Paschmarm et al., 1982; Berchem and Russell, 1984; Rijnbeek et al., 1984; Saunders et al., 1984; Southwood et al., 1986; Farrugia et al., 1988]. This interpretation calls for the dayside auroral ionosphere to exhibit flow and current signatures [ Southwood, 1985, 1987; Cowley, 1984a, 1986; Lee, 1986]: in fact, were such signatures proven to be absent, this would cast doubt upon the accepted model of the magnetopause I•E signatures invoking magnetic reconnection. In addition, if detected and understood, ionospheric signatures of l•Es offer a unique opportunity to quantify the full voltage which they apply to the coupled magnetosphere-ionosphere system. Two types of signature have been predicted, based on different interpretations of the magnetopause observations, but both invoking magnetic reconnection. The Southwood [ 1985,1987] predictions are based on the patchy, sporadic reconnection model of Russell and Elphic [1978, 1979], but are readily generalized to include the concept of time-dependent reconnection at a single, elongated reconnection neutral line, as advanced by Southwood et al. [ 1988] and Schol er [1988]. These models require a pair of oppositely directed field-aligned currents flowing on the flanks of the region of newly opened flux, giving a twin vortical flow pattern in the ionosphere, as illustrated by the equipotentials in Figure la. Lockwood and Freeman [1989] have pointed out that the ionospheric footprints of newly opened flux tubes will tend to move initially east or west (depending on the interplanetary magnetic field (IMF) B component) under the action of magnetic tension,Ybefore their motion evolves toward poleward, under the influence of antisolar magnetosheath flow. This concept was also used by Saunders [1989] in his explanation of the cusp field-aligned currents. Hence the orientation of the open/closed field line boundary will evolve, relative to the event velocity, •e' between the dashed lines shown in Figure la. The Southwood model of the twin vortex ionospheric flow signature of an I•E is based on the concept l•hat a newly opened flux tube moves faster than the surrounding flux tubes (be they closed or "older" open flux tubes). If the newly opened flux tube only moved at the speed of the background flow, there would be no vortical flow features. Southwood predicts that shortly after reconnection, a newly opened t•fE flux tube in the ionosphere will move faster than surrounding flux 17,113 17,114 Lockwood et al.: Ionospheric Signatures of •.TEs and Pressure Changes NORTHERN HEMISPHERE FLOW PATTERNS (a) Convecting FTE Southwood (1985;]987) ,, orientations ""--;--/ '" i Lockwood et al.: Ionospheric Signatures of FTEs and Pressure Changes 17,115 by the convectingFfE model, i.e., that of the event as a whole. The same statement can be made about the mean of the velocity, averaged over the entire newly opened flux tube. It should also be noted that background convection in the same/opposite direction to v_• will cause the flow outside the newly opened•flux tube to be weakened/strengthened, respectively. Recently, a number of authors have noted signatures of vortical flow in the ionosphere which appear consistent with neither of the above FfE models, nor with a general combination of them (see the following section). Comparison with solar wind data has indicated that such effects may sometimes, but not always, have been generated by solar wind dynamic pressure changes, and some events occurred during periods of northward IMF, i.e., when FfEs are not expected and rarely observed. This has generated much debate about the role of dynamic pressure pulses either in the solar wind [Sibeck et al., 1989b, c; Lanzerotti, Lett., 13, 72-75, 1986.
Hence, in general, the flow at the event center for a dynamic pressure pulse twin vortex is different from the motion of the whole pattern, both in direction and speed. These factors provide an important distinction between the twin vortical flow signatures in the ionosphere predicted for FTEs and dynamic pressure pulses.
it is interesting to note that, as originally suggested by Dessler [1964] , both increases and decreases in dynamic pressure cause anti-sunward transfer of closed field lines, but with no transfer of matter across the magnetopause [Southwood and Kivelson, 1990 ; D. J. Southwood, private con•nunication, 1989]. The temporal variability of "viscous like" flows at the ionospheric convection boundary, inferred from continuous ground-based radar observations by Lockwood et al. [1988a] , suggests that the mechanism responsible may indeed occur in bursts, as would be predicted for pulses in dynamic pressure. The fact that solar wind dynamic pressure variability is the same for northward and southward IMF [Bowe et al., 1990] , limits the total voltage which this mechanism can contribute to the total trans-polar potential difference to below the peak value of about 30 kV observed during northward IMF (see reviews by Cowley [1984b] and Reiff and Luhmann [1986] ). This statement must be valid provided there is no difference in n•agnetospheric morphology for northward and southward directed IMFwhich alters the terrestrial response to solar wind dynamic pressure variations (D. Sibeck, private con•nunication, 1989). One such difference could possibly be the inferred variation in the thickness of the low-latitude boundary layer with IMF B z (see review by Lundin [1988] ).
The contribution to the total transpolar voltage by PTEs is not known. Interpretation of magnetopause data using the Elphic [1978, 1979] circular flux tube model yields estimates of typically 10-20 kV for the reconnection voltage associated with each event (i.e., along the X line). However, the models by Lee and Fu [1985] , Southwood et al. [1988] and Scholer [1988] multiply this estimate by a factor roughly equal to the ratio of the length of the elongated neutral line to the diameter of the Russell and Elphic [1978; 1979] FfE theories therefore will •predict reconnection voltages of order 50-100 kV. However, it should be noted that reconnection at these voltages is estimated to last for typically 2 min, whereas PTEs recur only every 8 min on average. Hence the contribution to the time-averaged transpolar voltage would generally be only a quarter of the reconnection voltages quoted above.
In the next section we briefly review direct and indirect observations of vortical flow patters in the ionosphere. In the light of the above discussion, it can be seen that the correct interpretation of these observations is vital if the total voltage contributed by the two proposed magnetopause mechanisms is to be quantified. Then in 'the third section, we discuss the dimensions of the newly opened flux tube required to explain some of the recently published observations in terms of l•Es. The results reveal a surprising elongation along 'the polar cap boundary, which is shown in the fourta section to give the event the appearance of a flow channel (and current electrojet) with only weakly vortical features. We then present an event which is shown to be consistent with a near-circular FTE model. Lastly we discuss these observations in terms of FTE and dynamic pressure pulse theories.
Previous

Observations of Flow Vortices
in the Dayside Auroral Ionosphere
The first ionospheric observations which were associated with one of the two processes discussed above were by van Eykon et al. [1984] and Geortz et al. [1985] . The former suggested that a 10-min burst of poleward flow observed by the European [Potemra et al., 1989; Farrugia et al., 1989] . Farrugia et al. [1989] directly observed the magnetopause contraction caused by the observed increase in solar wind dynamic pressure as well as observing the impulsive response at a wide variety of ground-based magnetometer stations on the dayside at high latitudes.
However, not all impulsive auroral events seem to be attributable to pressure pulses: Bering et al. [1990] present two cases where IMP 8 failed to detect any pressure pulse and there are other examples (E. Friis-Christensen, private con•nunication, 1989). However, in such cases the region of enhanced pressure could have been small enough to have impacted on the bow shock and magnetopause, without passing over IMP 8. A problem with asspciating observed pressure pulses with ionospheric events is that there will always be some fluct:uation level in solar wind dynamic pressure and we•mUst therefore invoke theory to define what is a•significant pulse or level of "buffeting" and must ensure that there are no larger pressure fluctuations which fail to generate an ionospheric event. If pressure pulses of some magnitude are always present, it will always be possible to associate any ionospheric event with a pulse, even when there is no causal relationship.
Recent However, if there is also significant north-south flow, changes in one flow component will generate spurious derived flows in the other component. Figure 2b shows the zenith angle at which peak 630-nm emission was simultaneously observed by photometers at Ny Rlesund, Spitzbergen, which scan the magnetic meridian from horizon to horizon every 18 s (negative values corresponding to locations to the south of Ny glesund). Only peak intensities exceeding 3 kR are shown so that the transient arcs can be distinguished from the lower intensity, persistent background cusp/cleft aurora.
It can be seen from the dashed arrows that each peak in potential occurred close to the onset of an intense, transient 630-nm aurora at the photometer meridian. Sandholt et al. [1990] have shown that initially the second transient arc moved across the meridian of the photometer observations from the east, before slowing and moving poleward. As discussed by Lockwood [1989b], the first event was the only one not to behave this way, in that the initial westward flow was much weaker than for all the other events: the westward plasma flow seen by the radar was correspondingly weaker for this one event. The peak. is observed by the radar during the initial, westward motion, phase when the peak 630-nm emission remains at roughly constant zenith angle, but is increasing in intensity. The poleward moving phase of each event can be seen in Figure 2b as the peak intensity moves toward zero zenith angle. In practice, a magnetometer integrates over a region of radius about 300 kin. Hence when events recur rapidly, there can be more than one event influencing the magnetogram at any one time. We believe this effect causes Tromse to observe a smooth bay between 0900 and 0945 when the events recur every 8 min. After 0945, Tromse resolved individual events because they are 20 min apart on average. This behavior should be compared with that seen at Hornsund which was very much closer to the transient 557.7-nm aurora and where distinct impulsive events were resolved for all events. The second major complicating factor is that McHenry and Clauer assumed the ionospheric conductivities to be uniform. This is clearly invalid in the presence of the auroral transients during these events (see Sandholt et al. [ 1990] for estimates of the conductivity enhancements). Furthermore, this spatial structure is highly time dependent and moves with the event. The importance of conductivity changes was demonstrated by Lockwood et al. [ 1989b] . They showed that the impulsive magnetometer signatures at Hornsund occurred on average 7 min after the peak electric field observed by the radar and this corresponded to the average delay before the 557.7-nm arc reached the longitude of Hornsund as it moved westward. As a result, these authors concluded that the magnetometer signatures were strongly influenced by the conductivity enhancements associated with the 557.7-nm arc. Thirdly, in the predictions the events were assumed to move with uniform velocity over the entire magnetometer field of view; this is not the case for the events observed (auroral and plasma flow) whose velocity continuously evolves from about 3 km s-• westward to 1 km s-• poleward. Lastly, we note that the predictions were for a circular FTE flux tube, which is an assumption we will question later in this paper. In view of these complicating factors it may be impossible to unambiguously define an FTE twin vortex from magnetometer data (rather they may well show transient electrojet like features). We believe high time resolution radar observations over a wide field of view will be required. Figure 2d ).
In addition,"•the flow channel, as given by the peak westward flow, will only be inside the FTE open flux tube when it is moving westward. When it is moving north, the peak westward flows will be northwest and southeast of the open tube (see discussion of Figure 5) . The radar will only be able to observe the latter of these due to its 1 imited latitudinal coverage. Hence the observed swing to northward motion of the event will tend to cause the northward motion of the westward flow channel to be smaller than the northward FTE motion. With these factors in mind, we consider the agreement of northward event motion and northward plasma flow to be good. Lockwood et al. [1989a] derived estimates of the event size with the assumption that an open flux tube region was dragged over the radar field of view. In view of the above, more detailed considerations, we here wish to revise these estimates, using the same assumption. Table 1 lists the events seen in full during the period 2  750  560  300  1830  1600  3  900  580  200  2070  1880  4  450  525  350  384  480  5  1650  260  250  2347  1800  6  1350  340  300  1810  1600  7  1350  695  350  1986  1500  8  1350  710  >400  2230  1700  9  1500  525  300  23! In addition to the above considerations, Table   1 indicates that these events are far from being circular.
In this section we generalize the model Predictions for a Southwood FTE model from the circular flux t•be shown in Figure la to one of elliptical cross section. We only predict the F region flows which would be observed by a radar, thus avoiding some of the conductivity complications discussed above which must surely significantly alter the signatures in data from ground-basedmagnetometers. However, we note that the observed pattern of motion which we input into the model may well be influenced by the patch of enhanced conductivity which will move with that part of the event. A fully self-consistent treatment of the signature would not be able to neglect this effect. Note that a long and thin patch of enhanced conductivity plasma, with enhanced flow along it, is an electrojet and is analogous to those observed on the nightside during substorms.
In Figure 5 , we consider the flow in and around a moving elliptical newly opened flux tube in the northern hemisphere. From Table 1 , we take the ratio of the lengths of the major and minor axes to be 4, with the major axis always aligned along an L shell, as inferred from the all-sky TV camera images of these events [Sandholt et al., 1990] . For these illustrative patterns the shape, area Subsequent to submitting this paper we have become aware of a paper by Wei and Lee [1990] who have derived the flow and field-aligned current patterns for moving elongated plasma clouds. Their results agree with those presented in Figure 5 . In fact, they present flow patterns for the same angles between the direction of motion and the major axis of the ellipse as in Figure 5 . Our results are different only in that we have decreased the speed of motion as this angle increases, consistent with the observed pattern of motion of the dayside breakup events. We also point out from these observations and the predicted behavior of newly opened flux tubes that the flow patterns in the ionosphere will evolve between the forms givenbyWei and Lee and in Figure 5 . to the X axis and the solar wind flow; however, shortly before. the ionospheric flow event, the IMF adopted a near-radial orientation. If any change in the solar wind dynamic pressure were the cause of this event, the lag could be the 12 rain discussed above if the structure were aligned perpendicular to the solar wind flow. However, the structure may be aligned with the IF[F, which has a near-radial orientation. For this second case the propagation delay is very difficult to compute, as the structure will not impinge upon the subsolar magnetopause, as assumed in the Farrugia et al. equations. The propagation delay between the IMP 8 observation and the structure impinging upon the magnetopause will be lower: in fact, we estimate that the structure may have impinged upon the magnetopause up to 5 min before it would be seen at IMP 8, which means an ionospheric signature could have been present 3 minutes before its trigger was seen at I•'• 8. However, the point of impact, and hence the initial ionospheric signature, would be in the dawn sector (from the above calculation at about 8 MLT), and thus there will be a delay for the perturbation to propagate eastward to the radar which was at 1430 MLT at the start of the event. An ionospheric dynamic pressure signature is predicted to propagate at about 6 km s -• (see introduction), which gives an additional delay of 5.5 min. (In fact we will later show that the ionospheric event moves eastward over the radar at the much lower speed of 1.1 km s-•) . Hence we would estimate the delay to be 2.5 min, if the solar wind structure is aligned with the IMF. Hence we would expect any event trigger to have been observed by IMP 8 between 1128 and 1137: 30 UT (the dashed 1 ines in Figures 6b and 6c ). Within this interval there are two pulses of strongly southward IMF (decrease in •), with a B weakly negative, but close to zero. However, the y solar wind dynamic pressure had been constant prior to thi• • interval and showed a gradual decline (by 35Yo) over the subsequent 20 min. Also within this interval we note a spike in IMF magnitude, B, at 1135 UT. We will later discuss how an increase in B could imply a drop in solar wind dynamic pressure. In fact, assuming pressure equilibrium in an isothermal solar wind and using electron and ion temperature of 10 s I( and 2.4 x 10 • I(, respectively (as derived by Burlaga [1968] for such pressure equilibrium regions), one would predict a decrease in dynamic pressure of 2.7 nPa. The solar wind data sequence is interupted by two short (2 min) data gaps near the peak in B; Figure 7a we can only say that the lag is in the range 0-7.5 min and we must address the higher resolution data (Figure 7d) . Fig. 8. Same as Figures 7a, 7b and 7c, for I mho) . We note that Sandholt et al• [1990] inferred a larger Pedersen conductivity than this during event 2 (6.6 mhos), but this did fall to 1.7mhos outside the 557.7-nm transient aurora.
However, a very important finding of this paper is that the plasma motion is comparable with the event motion for every event. This has been shown to be true to a high degree of agreement for events 1 and 2 by comparing radar flow data and the auroral motions (here and by Sandholt et al. [1990] ) and for all events, the northward speed of the westward flow channels ,V_, has been found to be similar to the northward Pplasma speed within the flow channels, V n . More precisely, .<V >/<Vp> is between about I Pand 1.5. This poses np another problem for a dynamic pressure pulse interpretation because the speed of the event motion depends upon the fast mode velocity at the magnetopause and on the mappin• of the field lines into the ionosphere: on the other hand, the speed of plasma motion depends upon the size of the pressure pulse, the spatial gradients at the magnetopause and the Pedersen conductivity. That the two are so similar that their ratio is between 1 and 1.5 is a highly unlikely coincidence, but one that was repeated for all nine events described here, despite the probable variation in magnitude of any dynamic pressure pulses.
Perhaps the greatest problem for any interpretation of the flow pattern in terms of pressure pulse effects is that flow direction in the event center, as defined by the radar, is the ssme as that of the event as a whole (as defined by the optical observations). In the introduction Figure 11 by the arrows marked 1-9 (and experiments are carried out, we can only say that the event motion and plasma motion are comparable. However, we believe that the similarity is close enough to strongly suggest the events are FTEs (m•d strongly suggest that they are not dynamic pressure pulse effects).
There is good evidence that most of the events are elongated in the east-west direction.
This Table 2 give the lifetimes and total magnetic flux of each event: an elliptical flux tube has been assumed so the flux, F, is given by the product of the area (•ab/4, where a and b are the ellipse axes lengths given in Table 1 ) and B i, the ionospheric magnetic field. The third column of Table 2 gives the voltage along the X line, V•, required to reconnect the tube in a time At of 2 min. These voltages are very large, particularly for the later events, for which T is also large. The reconnection voltage may, in reality, not have been this great, and hence the time At would be Table 2 also gives an indication of the contribution to the mean transpolar voltage due to these events. During the period 0915:00-0937:00UT, we observed events 2, 3 and 4, and the IMF was continuously southward. (Note that this period has been chosen so that event 1 and the possible event Figure 1) . However, for the greatly elongated tubes inferred here the untwisting • would also cause considerable flows outside the tube (like a rotating paddle). It is interesting to note from the auroral images that the events appear to remain aligned with the polar cap boundary. If they are FTE flux tubes, this implies that they untwist by the angular length of the boundary they move along. In Figure   10 we sketch this to be 4-5 hours of MLT, i.e., there appears to be an initial quarter twist on the tube which untwists as the event propagates west under magnetic tension.
Discussion of Event on January 15, 1988
The EISCAT data from January 15, 1988, provide an interesting comparison to those discussed above. The event here is observed to straddle the convection boundary reversal and move in the opposite direction at the same MLT. The flows and temperatures from all range gates are well explained by the FTE model, but for a flux tube which is nearly circular (if anything it is longer in the north-south dimension). The vortical flows of the plasma appear to be inconsistent with a dynamic pressure change effect, and no clear dynamic pressure pulse is observed in the upstream solar wind at the interval when any event trigger would be present: however, at this time the IMF was observed to twice swing strongly southward. The IMF is near radial at this time, and it has been suggested that the bow shock can under such conditions introduce 10-min period oscillations in magnetosheath dynamic pressure [Fairfield, 1990; Sibeck et al., 1989c ]. However, the event represents a single isolated event and does not appear to be one of a string of oscillations. Lastly, using the ion temperature enhancements we can define that the pattern as a whole (note this includes a region of westward plasma flow') is moving eastward at 1.1 km s-•, the same as the velocity at the inferred event center. Note that the observations show both an eastward flow region and a westward flow region south of it, and both are moving eastward with this speed. In the introduction, we discussed how this is a necessary condition for the Southwood FTE ionospheric model but is not expected for the dynamic pressure vortices.
Conc 1 us ions
We conclude that none of the events discussed in this paper are consistent with current theories of the effects of dynamic pressure changes at the magnetopause but all are well explained in terms of the ionospheric signature of FTEs. Hence although dynamic pressure changes do undoubtedly cause large travelingvortical flows in the dayside auroral ionosphere, which have in the past been attributed to l•Es, we stress that not all such effects can be attributed to dynamic pressure, at least using current theories. Using the I•E interpretation, we find that the newly opened flux tubes in the ionosphere are typically 250 km in north-south extent, 
